Cortical reorganization after stroke is thought to underlie functional improvement. Patterns of reorganization may differ depending on the amount of time since the stroke or the degree of improvement. We investigated these issues in a study of brain connectivity changes with aphasia therapy. Twelve individuals with chronic aphasia participated in a 6-week trial of imitation-based speech therapy. We assessed improvement on a repetition test and analyzed effective connectivity during functional magnetic resonance imaging of a speech observation task before and after therapy. Using structural equation modeling, patient networks were compared with a model derived from healthy controls performing the same task. Independent of the amount of time since the stroke, patients demonstrating behavioral improvement had networks that reorganized to be more similar to controls in two functional pathways in the left hemisphere. Independent of behavioral improvement, patients with remote infarcts (2-7 years poststroke; n = 5) also reorganized to more closely resemble controls in one of these pathways. Patients with far removed injury (>10 years poststroke; n = 3) did not show behavioral improvement and, despite similarities to the normative model and overall network heterogeneity, reorganized to be less similar to controls following therapy in a distinct right-lateralized pathway. Behavioral improvement following aphasia therapy was associated with connectivity more closely approximating that of healthy controls. Individuals who had a stroke more than a decade before testing also showed plasticity, with a few pathways becoming less like controls, possibly representing compensation. Better understanding of these mechanisms may help direct targeted brain stimulation.
Introduction
O ne-third of all stroke patients present with some form of aphasia (Laska et al., 2001) , with as many as one-fifth demonstrating persistent language impairment beyond 6 months. Severity is typically dependent on lesion extent, and outcome depends on myriad factors (Laska et al., 2001; Lazar et al., 2008) , including therapy. Neurobiological studies of stroke recovery in humans have reported plasticity months after the infarction (Saur and Hartwigsen, 2012) . Multiple compensatory mechanisms have been reported in individuals with aphasia, including functional recovery of the damaged region itself, activation of perilesional areas, and homologous right hemisphere activation (Saur and Hartwigsen, 2012) . Correlation of multiple mechanisms with behavioral improvement implies a dynamic process for recovery in neural regions supporting language performance.
A systematic review of randomized controlled studies of aphasia intervention suggests that different behavioral interven-tions are generally comparable in efficacy (Brady et al., 2012) . Most therapies are developed based on linguistic or psychological models, focusing on distinct deficits (e.g., syntax) or other therapeutic variables such as treatment intensity. From a biological standpoint, effective rehabilitative therapy relies on the ability to predict adaptive reorganization and to target specific neural pathways to promote recovery. This requires identification of affected neural networks on an individual basis or the targeting of circuits recognized as integral to language. Such therapies have been developed for aphasia (Baker et al., 2010; Lee et al., 2010; Marangolo and Caltagirone, 2014; Torres et al., 2013) , and neuroimaging methods can be used to investigate treatment effects on the plasticity of language networks.
Functional neuroimaging permits noninvasive examination of global and regional plasticity in individuals with aphasia (Abel et al., 2015; Saur et al., 2010; Schlaug et al., 2009) . A common observation is activation of regions that are not active for healthy controls performing the same language task: the interpretation of these regional activations is vexing as they have been viewed as either functionally adaptive (Perani et al., 2003) or obstructive (Postman-Caucheteux et al., 2010) . Another metric of plasticity is altered connectivity (e.g., due to neural synchronization and directional influences) within neural networks. Only a few studies have investigated the dynamics of functional and effective connectivity during stroke recovery, with findings typically focusing on subcortical lesions and/or motor-related cortical activity (Bajaj et al., 2015; Rehme and Grefkes, 2013) . To date, the use of functional neuroimaging methods to assess effective connectivity in aphasia therapy is limited (but see Abutalebi et al., 2009; Kiran et al., 2015) .
In this study, we examine the effect of a behavioral intervention on reorganization of bihemispheric networks following left cortical stroke. Using structural equation modeling (SEM), network models for participants with aphasia were compared with a normative network model of language processing before, during, and after 6 weeks of intensive imitation-based aphasia therapy. We anticipated multiple patterns of neuroplasticity, depending on the degree of improvement and the time between the stroke and the testing. In particular, we expected participants with recent strokes and/or good therapeutic response to become more similar to healthy controls over the course of therapy, including stronger left lateralization of pathways used in repetition. On the other hand, we expected participants with more remote strokes and/or poor therapeutic response to demonstrate different reorganizational patterns, perhaps involving more right lateralization of these pathways.
Materials and Methods

Participants
Twelve participants with left hemisphere ischemic cortical strokes were recruited based on medical criteria and ability to participate in the therapy. Medical criteria included no prior history of neurological or psychiatric disease, including stroke. Selected demographics are listed in Table 1 for each participant. This study was carried out in accordance with recommendations of the Institutional Review Boards of The University of Chicago and University of California, Irvine, with written informed consent from all participants. All participants gave written informed consent in accordance with the Declaration of Helsinki.
Image acquisition
Imaging was performed on a Siemens 3T Trio scanner (Siemens Medical Solutions USA, Inc., Malvern, PA) at the Center for Advanced Magnetic Resonance Imaging (CAMRI) of Northwestern University in Chicago. Anatomical images used a T1-magnetization-prepared rapid gradientecho sequence with the following parameters: TR = 2300 ms, TE = 3.36 ms, FA = 9°, and voxel size = 1 mm isotropic. Functional acquisition used an echo-planar imaging sequence with the following parameters: TR = 1500 ms, TE =20 ms, FA = 71°, FOV = 220 · 220 mm, 29 axial slices with 4-mm thickness (1-mm gap), and in-plane voxel size = 3.75 ·3.75 mm. Functional runs were 6:30 min (260 volumes). During the functional scan, participants performed an observation task, passively watching and listening to a video of a woman articulating four syllables: /pa/, /fa/, /ta/, and/ha/ (tha). These syllables were chosen due to their varying articulatory profiles (i.e., visually distinct appearance). Functional runs contained 120 event-related randomized stimuli (30 of each syllable, jittered ISI = 0 to 12 sec, sequenced for deconvolution per optseq2; Greve, 2002) .
Participants underwent imaging sessions seven times over 18 weeks, beginning at week À6 and ending at week 12, with 3 weeks between imaging sessions. During weeks 0 to 6 of the study, participants completed three 30-min sessions of imitation-based aphasia therapy 6 days a week (Lee et al., 2010) . Figure 1 depicts the study timeline. Select demographics, behavioral data, and results of unconstrained model comparisons (including pre-post therapy changes) for all participants. LH %, percent of left hemisphere lesioned. Average AQ, average over 4 testing sessions of Aphasia Quotient (AQ) composite score from Western Aphasia Battery-Revised (WAB; maximum = 100). D Repetition, change in score from repetition test between start and end of study. Both indicates participants generally resembled the normative model across all study time points; After indicates participants resembled the normative model during/after therapy but not before. Before indicates participants resembled the normative model before/during therapy but not after; Neither indicates no pattern to model comparison across time points.
RH, right hemisphere.
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Behavioral assessment
Additional speech and language testing was administered at four time points (6 weeks apart) over the 18-week study (weeks À6, 0, 6, and 12). This included administration of the Western Aphasia Battery (WAB)-Revised (Kertesz, 1982) and a repetition test mimicking the therapy task (for additional details, see Duncan et al., 2016) . Figure 1 depicts the study timeline, including imaging, behavioral testing, and in-clinic therapy sessions. Additionally, three discrete participant subsets were derived based on time since stroke: recent (<16 months), moderately remote (2-7 years), and far removed (10+ years). These subgroups were derived holistically from the participant set, with the consideration that poststroke recovery is most dramatically evidenced in the short term (i.e., within 1 year of injury; Carmichael, 2003; Jenkins and Merzenich, 1987; Thulborn et al., 1999; Wolf et al., 2007) , but some studies have demonstrated neurogenesis and significant neural plastic outcomes persisting for years after injury (Cramer, 2008; Gauthier et al., 2008; Kopp et al., 1999) . Lesion overlap for the whole group and each of the three subgroups can be seen in Figure 2 .
Image preprocessing
Functional magnetic resonance imaging (fMRI) data processing was performed using AFNI (Cox, 1996) . Preprocessing steps for the functional images included despiking, slice time correction, motion correction, and alignment to anatomical data. Multiple linear regression of functional data was performed with the observation task as the main regressor and nuisance variables comprising motion parameters and global, white matter, and ventricular signals. Time series were converted to percent signal change, which was deconvolved based on a contrast with the baseline, resulting in statistical activation maps rendered using a false discovery rate corresponding to p < 0.05 after multiple comparison correction.
We used virtual brain transplantation (VBT; Solodkin et al., 2010) to permit automated parcellation of the cortical surface despite lack of anatomical data in regions affected by stroke. For VBT, the nonlesioned right hemisphere was flipped and nonlinearly aligned to the lesioned left hemisphere. A hand-drawn lesion mask was then used to extract virtual tissue from the right hemisphere, which was then transplanted into the left hemisphere to facilitate use of FreeSurfer. VBT anatomical volumes were then processed in FreeSurfer (Fischl, 2012) by inflation of the cortical surface and registration to an average template.
Regions of interest (ROIs) were selected based on the anatomical model of speech observation and execution used by Mashal and associates (2012) and are listed in Table 2 . For each participant, ROIs were identified by registering functional overlays from the observation task to the anatomical underlay. ROIs were defined by grouping of automated FreeSurfer parcellation of the cortical surface (Table 2) . Parcellation maps were then projected back to volumetric space and aligned with functional data to extract time series from the peak voxel (maximum t-value) for each ROI (Walsh et al., 2008) .
Structural equation modeling
SEM was performed on the time series extracted from task-related ROIs using AMOS (SPSS, Inc., Chicago, IL). SEM, or path analysis, identifies connection strengths (coefficients) that best predict the observed variance to covariance relationship of the data with respect to a defined anatomical model. Coefficients derived from SEM analysis represent the change in functional activity of a target region per unit change in activity of a source region (McIntosh, 1998) .
Participant models of activity during the observation task were compared with previously identified normative left and right hemisphere models for this same task (Mashal et al., 2012) ; nodes in this model were selected and validated based on anatomical landmarks and fMRI task-related activation maps derived from a healthy control population (n = 11). Patient models in the present study were constructed using this theoretical anatomical network model combined with the functional time series extracted from the peak voxel of each of the six ROIs in Table 2 : primary sensorimotor cortices (M1), dorsolateral premotor cortex (LPMCd), ventrolateral premotor cortex (LPMCv), inferior parietal lobule (IP), posterior superior temporal gyrus/sulcus (postST), and anterior superior temporal gyrus/sulcus (antST).
Covariance matrices were constructed for each participant using the peak voxel time series for each ROI. The network model (derived from the time series-based covariance matrix) was compared with the predicted model derived from the normative group result for healthy controls (Fig. 3A and directional influence of network nodes were derived and iterative maximum likelihood solutions obtained. An acceptance ( p ‡ 0.05) or rejection ( p < 0.05) of the null hypothesis (i.e., no difference between predicted/observed models) was determined from the chi-squared (v 2 ) solution distribution (McIntosh and Gonzalez-Lima, 1994) . Individual models that did not fit the normative model (i.e., failed to achieve the v 2 criteria for a good fit) at a particular time point were excluded from second-level analysis for that time point.
Multiple group analysis was also performed on the individual network models in comparison with the normative model to identify specific pathways of significance. Individual models were compared with the normative group model using the stacked model method (McIntosh and Gonzalez-Lima, 1994) , in which free models (i.e., all pathways are allowed to vary between groups) are compared systematically with constrained models (i.e., a single path-way is considered equal for each constrained model). Model comparison was assessed by comparing the goodness-of-fit (v 2 ) value for the free model with that of the constrained model, where significant difference is determined by a critical v 2 value (v 2 diff ) based on degrees of freedom in the statistical analysis to identify deviance from the normative model. If the model fit is better when a pathway is allowed to vary than when constrained, the models are considered significantly different and the pathway is considered to deviate from the normative model (Dick et al., 2010; McIntosh and Gonzalez-Lima, 1994) . Variances of the pathway residuals (error) were included and limited to unity to reduce the total number of estimated parameters. As models must be identical for multiple group comparison, if functional data were missing due to lesion, a random time series was entered for that ROI and coefficients for all connecting paths were fixed to zero. As the analysis used the time series from the peak voxel within each ROI, exclusion due to lesion was neither common nor systematic among participants within subgroups ( Fig. 2 shows overlap of lesion regions by subgroup).
Results
Select behavioral data from all participants are shown in Table 1 . The majority of participants had average aphasia quotient (AQ) scores on the WAB in the 68-93-point range, with notable exceptions of participants 4, 11, and 18. Scores on the repetition test improved moderately (defined as positive change of at least 5%) between the start and end of the study (À6 to 12 weeks) for participants 6, 9, 13, 14, and 18 . This subset of participants was considered to have behavioral improvement.
Unconstrained model comparisons revealed general conformity to the free normative model for most participants. A few individuals showed significantly higher or lower goodness-of-fit scores before or after therapy, and these are noted as such in Table 1 . Fit to the normative model is a global measure of task-related network activation, with findings in Table 1 indicating (for the most part) that participants utilized the normative network during the task. In a few cases, there was no pattern of fit over the seven study time points (indicated as None in Table 1) , which led to exemption of those time points that did not converge to the normative model skeleton (and were therefore not statistically valid for path-by-path comparisons).
Path-by-path network analysis within the normative model was examined using multiple group analysis. Unlike unconstrained model comparisons, these are pathway-level comparisons within a constrained model. Changes in effective connectivity over time within the known network can be indicative of plasticity on the participant level. Multiple group analysis results are shown in Tables 3 and 4; significant differences from the normative model are shown for each pathway individually. For the left hemisphere, postSTàantST, IPàLPMCv, and IPàLPMCd pathway coefficients were significantly different from the normative model at all time points for all or nearly all participants (Table 4) , while many other pathways showed patterns of change (Table 3 ; either becoming more or less like controls following therapy).
As there were a total of seven imaging time points, patterns of change in each participant were defined based on comparison of the three time points preceding therapy sessions with the one during therapy and the three following therapy. Generally, one of the following three patterns was noted: (1) the first three time points were similar to controls, but subsequent time points were different from controls [Cà] (Table 3) ; (2) the first three time points were different from controls, but subsequent time points were similar to controls [àC] (Table 3) , and (3) no change was present between pre-and post-therapy time points [remaining consistently different (D) or similar (C) reported in Table 4 ].
Two effective connections, postSTàIP and LPMCvàM1, showed patterns of change (denoted as Cà or àC in Table 3 ) in the majority of participants, with a few participants also showing changes in LPMCdàM1, antSTàLPMCv, and antSTàIP. Additionally, a few pathway coefficients (antSTàLPMCd, postSTàLPMCd, and postSTàM1) appear to have no significant difference at any time point from the normative model in the left hemisphere (Table 4 ). In the right hemisphere, post-STàM1 and postSTàantST pathway coefficients were significantly different from the normative model at all time points for nearly all participants, with few other differences from the normative model for other pathways (Table 4 ). Figure 4 depicts comparative models for the left and right hemispheres, highlighting those pathways that had some pattern of change over the study. Aforementioned pathways that were significantly different from controls at all time points are shown in bold arrows in Figure 4 . Despite variability in lesion location among participants and even within subgroups (Fig. 2) , consistent patterns of reorganization within a subgroup are also represented. For participants with behavioral improvement (n = 5; participants 6, 9, 13, 14, and 18) , left hemisphere LPMCvàM1 and postSTàIP pathways consistently changed from being different from the normative model pretherapy to more similar post-therapy (with the exception of participant 9 postSTàIP, which was not significantly different from the control model during pretherapy time points). A similar pattern was seen in the LPMCvàM1 pathway for those participants with moderately remote injury (n = 5; participants 9, 13, 14, 16, and 18) . However, those with far removed injury (n = 3; participants 15, 17, and 19) Results of multiple group analysis for both hemispheres, presented as path-by-path model comparisons for each patient, and indicating changes over the course of therapy. Cà indicates pathway was significantly different from normal model during/after therapy but not before; àC indicates pathway was significantly different from normal model before/during therapy but not after. Pathways that did not demonstrate significant change for at least two participants are omitted.
antST, anterior superior temporal gyrus/sulcus; IP, inferior parietal lobule; LPMCd, dorsolateral premotor cortex; LPMCv, ventrolateral premotor cortex; M1, primary sensorimotor cortices; postST, posterior superior temporal gyrus/sulcus.
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showed the opposite pattern (i.e., more similar to controls before therapy than after) in the right hemisphere postSTàIP pathway. Participants with recent injury (n = 4; participants 4, 5, 6, and 11) did not demonstrate any singular consistent pattern.
Discussion
Several findings are reported in this study with regard to therapy-based aphasia recovery. First, we identified three functional pathways within a language network that were 
Results of multiple group analysis for both hemispheres, presented as path-by-path model comparisons for each patient. Delta (D) indicates pathway was significantly different from the normative model at all study time points. C indicates pathway did not differ significantly from the control model at any study time point. Pathways that were consistently different or similar, respectively, for at least two participants are included.
THERAPY-INDUCED PLASTICITY IN CHRONIC APHASIA
altered by injury and not recovered in response to therapy. Second, we observed distinct patterns of stroke recovery with respect to a normative model: reorganization of the network after therapy, such that some pathways demonstrated more similarity to those of controls after therapy than before, and others had the opposite result. Those participants with behavioral improvement, as well as those with moderately remote injury, recovered in a way that ultimately resembled the normative group more after therapy than before. However, participants with far removed injury (who did not show therapeutic benefit) also reorganized, but away from the normative model, that is, they resembled the normative group model more before therapy than after in one right-lateralized pathway. Third, some path coefficients did not differ significantly from the normative model at any time point (especially in the right hemisphere), implying that these pathways were not altered by stroke or recovery. Hemispheric differences in the results are also notable: the left hemisphere demonstrated much more plasticity in all participants. This might be expected from the inherent laterality of some important aspects of language processing (Heiss et al., 1999) , although some aphasia recovery models would anticipate the majority of changes in the contralesional hemisphere (Anglade et al., 2014; Hartwigsen et al., 2013; Wan et al., 2014) . Additionally, while some models suggest that right hemispheric contributions are most important for more severely affected participants (Heiss and Thiel, 2006; Turkeltaub et al., 2012) , in this study, right hemispheric changes were found primarily in the participants with far removed injury, independent of severity, and were not associated with behavioral improvement.
These findings imply that individuals with poststroke aphasia have potentially different ways of reorganizing to remediate and/or compensate for regional loss of neuronal function. First, the fact that unconstrained model comparisons showed varying trends over the study indicates some amount of nonconformity, suggesting involvement of regions outside the normative skeleton derived from neurologically intact subjects. Time points that did not converge may represent a different kind of reorganization, with recruitment of regions external to the base model active during speech observation in healthy controls. Investigation of a more comprehensive model, including external regions, might benefit a fuller understanding of recovery.
The normative model used in this study reflected significant connections among regions engaged during language processing that are consistent with previous studies (Binder et al., 2000; Mashal et al., 2012; Wise et al., 2001) . Of these, several left hemisphere pathways (postSTàantST, IPàLPMCd, and IPàLPMCv) were significantly different from the normative group over all time points for all (or nearly all) participants, representing injured and nonrecovered connections. In the predicted model (Fig. 3) , these pathways had significant directional influence (>0.4 or <À0.2), implying an important role in speech observation for healthy individuals. Thus, we can assume that disruption of these pathways by stroke leads to lower influence on neighboring regions, poorer audiovisual word observation, and other deficits in language processing. Alternatively, the fact that left postSTàIP and LPMCvàM1 pathways (also of significant influence in the normative model) resembled controls after the study in the repetition-improved subgroup implies that plasticity in these pathways is associated with im-proved behavioral outcome. As repetition appears to be mediated largely by a left-lateralized posterodorsal stream (Saur et al., 2008) , it is unsurprising that increasing normalcy of postSTàIP connections would be implicated in improvement in this skill, and LPMCvàM1 may indicate a strengthening of motor planning with execution.
A second set of findings was related to pathways that changed to become either more similar to or more different from the normative model after therapy, when compared to before. Patterns were noted in subgroups of participants only; there was no reorganization common to all participants. As stated above, the subgroup that showed behavioral improvement had left hemisphere LPMCvàM1 and postSTàIP pathways conforming more greatly to the normative model after therapy; this implies functional recovery in these participants due to restoration of the level of effective influence in healthy controls. A subset of participants with moderately remote injury (2-7 years) also appeared to resemble the normative model more after therapy in the LPMCvàM1 pathway; however, those with very remote injury (10+ years) resembled the control group less after therapy than before in the right hemisphere postSTàIP pathway. All participants in the moderately remote injured group reorganized to resemble controls more, regardless of behavioral improvement, possibly indicating specific recovery in a pathway receptive to targeting for improved speech. Notably, participants with far removed injury exhibited plasticity in response to therapy even a decade poststroke, although behavioral recovery in stroke is typically thought to plateau within the first 18 months. Furthermore, reorganization at this time point appears to occur through com-pensatory mechanisms, evidenced by deviation from the control group and reorganization within the contralesional hemisphere. Such compensation may be necessary in this subgroup uniquely as the injury from stroke may have permanently affected otherwise dynamic pathways (such as those identified with the moderately remote injury and behaviorally improved groups). However, it is possible that this reorganization may reflect a form of long-term maladaptation, such as learned nonuse (Taub et al., 2006) .
The role of structural pathways in aphasia recovery is relevant to the development of transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) as potential adjunctives to aphasia therapy. TMS and tDCS have been applied in a number of studies of aphasia, typically either inhibiting or stimulating regions involved in language to observe subsequent behavioral outcomes (Naeser et al., 2011; Schlaug et al., 2011; Turkeltaub et al., 2012) . Studies have achieved moderate improvements between pre-and poststimulation aphasia (Galletta et al., 2011; Martin et al., 2009; Naeser et al., 2010) , but primarily identify targets on the basis of anatomical hypotheses. If effective connectivity can identify specific brain regions as functionally necessary for aphasia recovery at various stages, the timing or combination with behavioral therapy could be refined for augmentation with stimulation.
Sharma and associates (2009) examined the distal effects of subcortical infarct on cortical networks by relating motor recovery in subcortical stroke participants to cortical motor network connectivity. Limited connectivity was found in extended motor networks, even with behavioral improvement and normal regional activity. Neither reorganization of networks, as measured by effective connectivity between motorrelated regions, nor activation extent alone directly reflected functional recovery. The implication of multiple modes of recovery reinforces similar findings in the current study.
Recently, Kiran and associates (2015) examined therapyinduced changes in effective connectivity between regions active during language tasks in seven individuals with chronic aphasia following stroke using dynamic causal modeling. Interestingly, she and her colleagues found the most consistent changes in connectivity for the left inferior frontal gyrus (IFG), partially included in our LPMCv, and which also demonstrated connectivity changes in our study for individuals with behavioral improvement or moderately remote injury. Deactivation of the left IFG has also been found following therapy (Abel et al., 2015) . With consideration of that study, our findings of greater effective connectivity of LPMCvàM1 with behavioral improvement may indicate that these changes are qualitative (i.e., reflecting relative influence within the network) rather than quantitative (i.e., absolute level of activation).
Limitations of this study include constraint to left hemisphere ischemic cortical stroke and the heterogeneity of participants within our small subgroups. The variability in performance and reorganized networks could be due to contributions of a number of factors, including age, time since stroke, previous therapy treatment, and extent of lesion. If such demographic or medical factors were constrained, or if the study size was expanded, group effects could possibly emerge. Additionally, as the fMRI task was purely observational and did not require behavioral response, it is uncertain whether intrascanner factors, such as variable attention, may have affected our analysis.
Conclusions
As a study of effective connectivity, the findings reported here reveal network relationships of interest that activation or functional connectivity alone cannot identify. Furthermore, since results are based on a known language network subserving the same task for healthy control subjects, continuity is implied for our participants; that is, changes in effective connectivity between regions can be categorically identified as plasticity within this network. The effective connections identified in this study could be used in targeted therapy for individuals with aphasia and, if behaviorally successful and corroborated by additional imaging findings, would provide support for the idea that recovery results from greater cortical connectivity. This study also demonstrates plasticity in response to therapy in participants who are more than ten years poststroke, through a possibly unique compensatory mechanism. Finally, variability in recovery and compensation for neuronal loss in these individuals supports the need for personalized evaluation of stroke patients for both clinical and research considerations.
